Abstract: For 2D, symmetric, anti-parallel, collisionless magnetic reconnection, a new expression for the reconnection rate in the electron diffusion region is introduced. It is shown that this expression can be derived in just a few simple steps from a physically intuitive starting point; the derivation is given in its entirety and the validity of each step is confirmed. The predictions of this expression are compared to the results of several long-duration, open-boundary PIC reconnection simulations to demonstrate excellent agreement.
I. Introduction
At Earth's day-side magnetopause and in its magnetotail, magnetic reconnection plays a key role in organizing the overall structure of the magnetosphere 1, 2 . At both positions, collisionless reconnection is generally accepted as the appropriate model 3 . In the absence of effective collisions, it has been proposed that off-diagonal electron pressure tensor elements and electron inertia support the reconnection electric field in the electron diffusion region (EDR), thereby enabling reconnection [4] [5] [6] . Simulation studies are available that support this explanation [7] [8] [9] [10] [11] and models of the electron motion in the EDR have been constructed that explain the presence of the off-diagonal electron pressure tensor elements and electron inertia 12, 13 . Under the assumption that the off-diagonal tensor elements and inertia contribution are weak compared to the diagonal pressure tensor elements, linear approximations that estimate the strength of the reconnection electric field have been developed [14] [15] [16] .
In this paper, an alternate approach to an expression for the collisionless reconnection rate is presented. This development is limited to 2D, symmetric, anti-parallel reconnection at present. The strength of the electron current sheet at a reconnection site is estimated on the assumption that the average electron velocity there is a gyration velocity about the normal magnetic field components in the outflow jets. As will be shown below, this assumption leads to a notably accurate estimate of the current sheet strength. With this starting point, a few simple steps lead to a new expression for the reconnection rate. Assuming that the ion contribution to the total current sheet strength can be ignored and that the out-of-plane reconnection electric field strength is uniform over the EDR, an expression for the reconnection rate in the EDR follows , open-boundary, driven PIC reconnection simulation has been used to guide the derivation of (1). This derivation and the supporting simulation results are presented below. The degree to which the left and right sides of (1) are in agreement demonstrates the accuracy of this reconnection rate expression. An additional group of related driven and undriven simulations has been
used to more generally demonstrate the accuracy of (1). This step has shown that α is independent of driving rate and mass ratio, thus suggesting the possibility of a universal dimensionless constant.
The unexpected ( ) 17, 18 to follow from fundamental MHD conservation laws. A new expression for the EDR width d is introduced that removes this apparent contradiction. This expression provides the link between the conservation law approach to the reconnection rate and the "electron turning" approach discussed in this paper. The two approaches are found complementary and compatible.
II. Simulation Setup
A 2½-dimensional electromagnetic PIC code described in Hesse et al. 15 has been modified to incorporate open inflow and outflow boundary conditions [19] [20] [21] . Densities and fluxes are accumulated on the grid using a rectangular particle shape function. Ghost particles required by the zero-gradient boundary condition on the particle distributions contribute to the densities and fluxes at the open boundaries at each time step. The electromagnetic fields are integrated implicitly to avoid the Courant constraint on the propagation of light waves 15 . Lengths are normalized with respect to the ion inertial length 
with an additional perturbation given by
and 
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.
The results of a group of simulations have been used to derive and test the reconnection rate expression (1). Of these, the primary simulation that will be used to demonstrate the derivation will be denoted "run60". This is a driven simulation with mass ratio
The remaining simulations were driven by varying rates, or undriven, with mass ratio . This group will be used to demonstrate the performance of the derived reconnection rate expression as well as to provide some evidence for the possible universality of the parameterα .
III. EDR Definition
Using the electron momentum moment equation, the EDR is defined as that region surrounding the xline position in which the out-of-plane non-ideal electric field component 
From (1), it can be seen that the dimensions of the EDR play an important role in defining the reconnection rate. These are defined in some detail in this section. have been used to measure the width d but, as will become evident below, the width of the current sheet peak is of equal importance. The z coordinate has been shifted so that 0 z = is at the x-line position. Both curves have been time-averaged over a small portion of an ion gyro-period and smoothed with 5-point box-car averaging in z .
The length of the EDR can be measured in the same way as the width, by finding the zeroes in
while moving away from the x-line in the outflow directions; the length L is defined as the distance between the two zeroes. A turning length also can be defined. Moving away from the x-line in an outflow direction, a point can be found at which the gyro-radius of a thermal electron in the outflow z B field is equal to the distance from that point to the x-line. This point is defined as a turning point and the turning length is the distance between the two turning points. Figure 2 shows the evolution of the EDR length over the course of run60 with 1.15 times the turning length superposed. With this multiplicative factor included, the two lengths are essentially identical. Similar results have been found earlier with a multiplicative factor 1.3 for mass ratio 25 simulations 20 . This suggests that the two lengths may converge as the mass ratio is increased. For the analysis discussed below of the mass ratio 100 run60, these two lengths have been considered interchangeable. 
IV. Electron Turning
This first step in obtaining the reconnection rate expression (1) is to estimate the strength of the electron current sheet at the x-line; i.e., the strength of the peak in ey j shown in Figure 1 . Assuming that this group of electrons moves freely in the out-of-plane direction while they are turned out of the current sheet and into the outflow directions through gyration about the outflow z B field, a possible estimate is given by 
V. Outflow Speed
Expression (6) can be used to obtain an estimate of the electron outflow speed at a turning point; i.e., at the outflow boundary of the EDR. Assuming a steady state and ignoring the ion contribution to the current sheet strength,
in which in B is the magnitude of x B at an inflow boundary of the EDR and out B is the magnitude of z B at an outflow boundary. Equating the second and last terms of (7) 
VI. Reconnection Rate
Inversion of (9) and division by eAin v leads to an expression for the reconnection rate
This expression can be simplified further. 
The electron outflow dynamic pressure at the EDR outflow boundary is approximately 1/4 the inflow magnetic field pressure at the inflow boundary. Below, evidence that suggests this condition is generally true will be discussed.
Substitution of
for the ratio out eAin v v in (10) leads to the reconnection rate expression (1). Figure 6 shows a comparison of the right to the left sides of (1) evaluated over the course of the run60 simulation with 0.45 α = , the time-averaged value with the initial transient evident in Figure 5 excluded from the average. Again, it should be noted that there are no available free parameters for adjustments of this fit. The source of the overshoots in the fits to the peaks in the measured reconnection rate is under investigation.
VII. Out-of-Sample Performance
The parameter α plays a prominent role in normalizing the reconnection rate expression (1) . If α were to depend sensitively on specific details of a reconnection scenario, then the utility of (1) might be questioned. Some evidence suggesting a universal value for α has been found. Table 1 shows the values for α that have been found for a group of simulations, including run60. In all cases α was obtained through the time average (12) with initial transient behavior excluded. Driver
Strength is the value of the out-of-plane electric field imposed at the inflow boundaries of a simulation following a short start-up interval during which the field strength was ramped up from zero.
Comparison of run60 and run59 shows the effect of varying the mass ratio while holding the driver strength fixed. Simulations other than run60 show the effect of varying driver strength holding the mass ratio at 25. For the undriven run58, the out-of-plane field at the inflow boundaries was allowed to float with a zero gradient imposed. Admittedly, Table 1 contains a small sample but it is difficult to ignore the suggestion that α represents a universal relationship between electron outflow dynamic pressure and inflow magnetic field pressure as expressed by (11) . (1) for (a) run59, (b) run58, (c) run54, and (d) run53d using respective values for α from Table 1 .
All curves smoothed using running 3-point box-car averaging.
The performance of the reconnection rate expression (1) for run60 is shown in Figure 6 . Figure 7 continues with examples of that performance for the remaining mass ratio 25 runs listed in Table 1 . Again, there are no free parameters available and, again, there are occasional problems with excessive spikes in the fits. The source of these spikes is under investigation.
The degree to which the fits shown in Figure 7 succeed in reproducing the measured reconnection rates was unexpected. Two assumptions that were made in the derivation of (1) do not strictly apply. First, a cut in the z variable through a mass ratio 25 EDR, as in Figure 1 , generally yields a shape that is similar to that of the current distribution shown in panel (b) of Figure 1 (e.g., see Figure 6 , Klimas et al.
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. A central peak in the EDR, whose width coincides with that of the central peak in the current distribution, sits on top of a broader distribution that extends out to ion scales. As in the analysis of run60, the widths of these central peaks have been measured to fix the width d . Consequently, the non-ideal part of the out-of-plane electric field is not zero at the inflow boundary of the EDR, so defined, and the assumption leading to (9) that y E at the inflow boundary is given by in in v B fails somewhat. Second, neglect of the ion current contribution to the strength of in B in (7) is less justified in the lower mass ratio simulations.
The ion current contribution, averaged over the EDR width, can amount to as much as 15-20 percent of the electron contribution for the mass ratio 25 simulations; the ion contribution for the mass ration 100 run60 is typically around 5 percent. Despite these faults, the simple expression (1) yields surprisingly accurate fits to the measured reconnection rates for the mass ratio 25 as well as the mass ratio 100 simulations.
VIII. EDR Width
A straight forward derivation, based on fundamental conservation laws, shows that the reconnection electric field rec E d L  17, 18 . A simplified portion of this derivation is given in this section. From (10), however, it also will be shown in this section that Table 1 for the reasons discussed in the preceding paragraph.
Starting with a box surrounding the EDR of length L and width d , the length and width of the EDR, particle conservation for the electrons leads to . From (13) in in out in rec
in which rec E is the reconnection field strength and 1 out in n n  has been assumed.
From (10) it can be seen that
Equating (14) and (15) Both curves smoothed using running 7-point box-car averaging. Figure 8 shows that the normalized EDR width does satisfy (16) . Thus, the independent expressions (14) and (15) for the reconnection electric field strength are complementary and compatible, as are the independent methods used to obtain those expressions. Similar results have been obtained for all of the simulations listed in Table 1 . Although, as in Figure 8 , each of the simulations shows some variability in time, generally it has been found that ˆ3 d  , independent of the two mass ratios and various driving rates of the group.
IX. Discussion
For symmetric, anti-parallel, collisionless reconnection a new expression for the reconnection rate has been derived in just a few simple steps from a physically intuitive starting point, the expression (6) for the electron current sheet strength. That expression shows that the average motion of a free electron at the x-line position in the current sheet should be viewed as the initial phase of a gyration about z B at a turning point. Surprisingly, the strength of the reconnection electric field does not play a direct role in fixing the current strength in (6) .
In addition to the expression (6) for the electron current sheet strength, the derivation of the reconnection rate expression yields two interesting new results before the final expression is reached. The first of these is the expression (9) for the electron outflow speed at the EDR outflow boundary. A commonly employed concept of plasma conservation for plasma entering the EDR through the inflow boundary and then leaving through the outflow boundary suggests that, holding other parameters fixed, the outflow speed should depend inversely on the width d ; as the width of the outflow boundary decreases outflow speed must increase to maintain a steady throughput. However, (9) states that the outflow speed is proportional to d and Figure 4 confirms the accuracy of this expression for the outflow speed. This apparent contradiction, as well as the apparent contradictions indicated by the expressions (14) and (15) for the reconnection electric field strength, is removed by the restriction on d given by (16) . For the tightly coupled nonlinear reconnection system, once the system is specified, then the width d is no longer free for adjustment. Plasma conservation applies but the commonly employed adjustability of d does not.
The second new feature discovered on the way to the reconnection rate expression is the quasi-steady evolution over almost the entire run60 of the ratio out eAin v v as exhibited in Figure 5 , which leads to the approximate relationship between outgoing electron dynamic pressure and inflowing magnetic pressure given by (11) . The final reconnection rate expression (1) is obtained by replacing this ratio by its time average α . As exhibited in Table 1 , α appears to be independent of mass ratio as well as driving rate for driven and undriven simulations. This unexpected result further increases the significance of (11) and also suggests an investigation of the invariance of α under additional changes in the reconnection scenario.
If the universality of α can be demonstrated, then all of the terms in the reconnection rate expression (1) except for the EDR length L should be measurable in Earth's magnetotail by NASA's upcoming Magnetospheric Multiscale (MMS) mission (http://mms.space.swri.edu/index.html). Instead of L , it is possible that the equivalent turning length may be accessible from MMS measurements if three or four of the spacecraft pass through a single EDR sufficiently closely in time so that the dependence of the outflow field strength on displacement in the outflow directions can be modeled. If so, then the positions of the turning points may be modeled and the turning length estimated. Given that it will be possible, in this multi-spacecraft mission, to maintain the inter-spacecraft spacing at as small as 10 km the possibility of multiple spacecraft EDR passages is not out of the question.
In addition to observational verification of (1), if it is possible, further reconnection simulation studies are necessary. All of the results presented in this paper are noisier than one would wish; simulations with higher macro-particle densities should be carried out. The suggested convergence of the EDR and turning lengths with increasing mass ratio should be further tested. Verification would increase the likelihood of observational confirmation as discussed in the preceding paragraph. Confirmation of all of the results presented in this paper requires simulations using other available codes. Based on this experience, however, it is firmly believed that true open-boundary codes will be necessary.
Finally, the simplicity of the derivation discussed in this paper suggests that further extensions to the more realistic anti-symmetric and/or guide field reconnection models may be possible.
